As an important data source of frozen soil, remote sensing monitoring information has not been fully utilized in the numerical model of frozen soil processes. Few researches exist involving the integration of the two monitoring methods. Following this study, a distributed numerical model for frozen soil processes based on coupled water-heat transferring theory in association with the previously obtained remotely sensed frozen soil datasets will be developed. Parameters characterized the frozen soil status, such as distributions of frozen soils in different types, soil ice content in different times and so on, could be simulated with the developed model. The numerical model systematically integrates the information of surface soil F/T states and considers its impact on the processes of evapotranspiration, infiltration and runoff generation. Several hydrological processes were integrated in the model. Finally, the remote sensing monitoring and numerical simulation coupling method was validated by the in-situ observations over a remote area near the town of Naqu on the East-Central Tibetan Plateau. The results shown that the overall accuracy of the discrimination algorithm based on passive microwave remote sensing was more than 95%. Under the correction of remote sensing monitoring information of frozen soil in the process of numerical simulation, the efficiency of the model and the accuracy of simulation results have been significantly improved.
Introduction
The cryosphere is one of the core links of the interaction of global climate system. As an important part of the cryosphere, researches on frozen soil are the basic works for the studies of global climate change (Shi and Cheng, 1991; Guglielmin et al, 2018) . Under the background of global climate becoming warm, the frozen soil tends to be degraded, which lead to many other environmental problems (Jin et al, 2000) .
The temporal and spatial information acquisition of frozen soil is basis for the study of climate, ecological change and hydrological processes in cold regions. The development of remote sensing technology and frozen soil physics provide a viable means to frozen soil monitoring. Significant achievements have been made in the monitoring of seasonal frozen soil from using passive microwave remote sensing technology (Zhang and Armstrong, 2001) . With the study of water and heat transfer in frozen soil process, various numerical frozen soil process models have been developed (Yang et al, 2011) . However, the description of frozen soil and its process by using new technology need further development. As an important data source of frozen soil monitoring, remote sensing information were underused in the numerical frozen soil process model, and the fusion research of the two methods has not been developed.
In this study, a distributed numerical frozen soil process model was developed based on the principle of water and heat coupling. Characteristic parameters which can describe the states of the frozen soil system, such as the temporal and spatial variation of the frozen soil, soil ice content and so on, can be obtained by the numerical model. On this basis, considering the influence of surface soil freezing and thawing process, the information of surface soil F/T states were fused with the numerical model. The main purpose was to improve the efficiency of the model and the accuracy of the simulation results, and to explore the rationality and feasibility of the combination of numerical frozen soil process model and remote sensing information.
Material and methods

Methodology
The definite methods ( Figure 1 ) of this study are as follows: A widely used DIA was selected to discriminating surface soil F/T states. The AMSR-E passive microwave remote sensing brightness temperature products were used in the algorithm. Then established the distributed numerical frozen soil process model based on the principle of water and heat coupling. Finally, the information of surface soil F/T states was input into the numerical model by using parameterized method, in order to guiding the direction of model simulation.
Figure 1 Overall framework of this study
Materials
Study area
In the present study, an area near the town of Naqu on the East-Central Tibetan Plateau with an area of about 1.2×10 4 km 2 above an average elevation of 4000 m was selected as experiment area ( Figure 2 ).
Figure 2 Study area
A multi-scale and intensive Soil Moisture / Temperature Monitoring Network (SMTMN) has been set up in this area, which provide the scientific validation data for this study (Yang et al., 2013 ).
Ground-based measurements
The ground-based measurements in this study mainly include soil temperature, soil moisture content and meteorological factors such as air temperature, precipitation and sunshine duration. Temporal coverage of the data was from 1st August 2010 to 31st July 2011. Meteorological data were derived from National Meteorological Information Center (http://data.cma.cn/). Soil temperature and soil moisture content observation data were derived from the SMTMN. The SMTMN has 3 spatial scales (1.0°, 0.3°, 0.1° gridded) at 4 soil depths (5 cm, 10 cm, 20 cm, and 40 cm). The 1.0° gridded data with a total number of 36 stations were selected.
In the study of surface soil F/T states discrimination, only one station was reserved in each AMSR-E passive microwave remote sensing data grid because of the large scale of AMSR-E data. In total, 12 retained stations were chosen (figure 2).
Datasets of microwave satellites
In this study, AMSR-E daily brightness temperature product (National Snow and Ice Data Center Distributed Active Archive Center, http://nsidc.org/data/AE_Land3/versions/2) in the EASE-Grid format with a 0.25° spatial resolution were utilized. The AMSR-E data product used in the surface soil F/T states discrimination were 18.7 GHz and 36.5 GHz vertically polarized brightness temperature and soil moisture content.
Methods
Improved Dual-index algorithm
The DIA proposed by Zuerndorfer, et al. (1990) involved two brightness temperature parameters for the discrimination of ground surface soil states, was improved by using LVSM by Gao et al (2018) . The improved algorithm can be summarized in Equations (1), (2) and (3). 37 37 v Tb P ≤
Where Tb37v represents vertical polarization brightness temperatures at 37 GHz (K), and ( ) / Tb f f ∂ ∂ the negative spectral gradient between 19 GHz and 37 GHz (K GHz -1 ). η is the pixel value of soil moisture at pixel (i, j) at time p; λ is a fixed partial time span used to calculate local variance; μλ is the average value of soil moisture over the time span. P37, PSG and PSM stands for the thresholds of three indicators of Tb37v, (1), (2) and (3) was satisfied simultaneously, the surface soil can be identified as frozen.
Numerical frozen soil process model
In this study, hydrothermal processes, such as meteorology, vegetation canopy, snow cover and soil, have been taken into account in the design and development of the numerical frozen soil process model. Different soil layers and depths in different grids were supported in this model. Energy and water balance equations in soil can be represented by Equation (4) and (5) .
where, ρl is density of liquid water (kg m -3 ), Cs is specific heat capacity of soil (J kg -1 ℃ -1 ), ks is soil thermal conductivity (W m -1 ℃ -1 ). K is soil hydraulic conductivity (m s -1 )，ψ is soil water potential (m), U is source/sink term of soil water flux (m 3 m -3 s -1 ).
The canopy, snow cover and soil were divided into finite layers, each of layer was represented by a node. Then solving the energy and water balance equation for each node by using the Newton-Raphson iterative method.
Fusion method
The information of surface soil F/T states was input into the numerical frozen soil process model by using parameterized method, in order to guiding the direction of model simulation and correcting some deviations in the process of simulation. Because the surface soil freeze and thaw states are directly influenced by surface soil temperature, the modified method can be expressed as Equation (6).
where, Ti is the soil temperature of the i-th layer. S stand for the states of surface soil, where 1 represents the frozen soil and 0 represents the thawed soil.
Results
Soil freeze/thaw states discrimination
The thresholds of P37, PSG and PSM indicators were set to 256 GHz (K), 0 GHz (K GHz -1 ) and 0.168 m 3 m -3 in this study. Daily data of surface soil F/T states in the period of this study were obtained by improved DIA. The accuracy verification was shown in Table 1 . 
Frozen soil process simulations
The simulation results of the numerical model mainly include soil temperature, soil water content, soil ice content, soil heat flux and snow cover thickness and so on. Because of its 4D spatiotemporal characteristic, the frozen soil process parameters were shown by taking one station (BC02) as an example (Figure 4 ).
Figure 4 Simulation results of the numerical model
Figure 5 Soil temperature validation at 4 soil layers
The model was validated by using the data of soil temperature ground-based measurements. The soil thickness was consistent with the measurements data, which were 5 cm, 10 cm, 20 cm and 40 cm, respectively. The results of validation were shown in Figure 5 .
Fusion result
Because the surface soil F/T states are a large-scale characteristic variable, the information of soil states data is parameterized by resampling. Comparison of frozen soil process simulation results before and after correction by using information of surface soil F/T states were shown as Table 2 . The R 2 and RMSE indices of the simulation results were calculated. Not all of the verification results were provided here due to space limitations. 
Discussion
The high accuracy of the improved DIA proved its superiority in discriminating the surface soil F/T. The discrimination accuracy of DIA was over 89% in each station, and the overall accuracy reached 95%. It provided reliable ground surface soil F/T states information for the model correction.
The simulation results show that the frozen soil process can be depicted accurately and the spatial components of frozen soil processes can be obtained by the developed frozen soil process model. Table 3 shown that the accuracy of simulation results of the model has been further improved by fusing the information of surface soil F/T states. The accuracies of all sites have had varying degrees of improve, although the improvement of overall accuracy was not significant. The verification results indicated that it was reasonable and feasible to improve the frozen soil process simulation from using remote sensing monitoring information.
Conclusions
The purpose of the present study was to improve the efficiency of the numerical model and the accuracy of the simulation results, and to discuss the rationality and feasibility of the combination of the numerical model and remote sensing information and data. The research conclusions were as following:
(1) The discrimination results of surface soil F/T states based on the improved DIA have high accuracy, which was a reliable remote sensing data source for numerical frozen soil process model correction.
(2) The frozen soil process can be depicted accurately by the frozen soil process model developed in this study based on the principle of water and heat coupling.
(3) The accuracy of the numerical model has been further improved by fusing the information of surface soil F/T states. It was reasonable and feasible to improve the frozen soil process simulation from using remote sensing information.
